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Calcium carbonate is one of common minerals on the earth. Calcium carbonate crystals are utilized 
industrially in various fields, so that the control of crystal growth is required. It has been known that organisms 
control the morphology and polymorph of calcium carbonate crystals by utilizing inorganic and organic additives 
in biomineralization. Understanding the additive effects on growth of calcium carbonate crystal is necessary to 
control the crystal growth. 
   The effect of additives on growth of calcite which is a stable polymorph of calcium carbonate has been 
investigated. In the past decade, the effect of hydrophilic organic molecule on hydration of calcite surface has 
been suggested by the investigation of the additive effect on growth rate of calcite. Hydration affects adsorption 
and surface diffusion of ions on calcite surface. Also, the interrelation of hydration and growth rate has been 
suggested by the estimation of energy barriers of solution growth processes. Therefore, hydration is a key to 
control the kinetics of calcite growth. However, there has been no direct experimental evidence of the relation of 
hydration and growth rate. 
   Hydration at the vicinity of calcite surface has been estimated by molecular dynamics (MD) simulation and 
observed by surface X-ray diffraction. Although these techniques made the description of hydration structure clear, 
they do not show the local difference of hydration structure between on the terrace and the step front which is 
capture site of ions. Hence, we employed the newly frequency modulation atomic force microscopy (FM-AFM) 
for in situ observation of local hydration structure in atomic scale. This technique is expected to provide insight 
into the atomic scale distribution of hydrated water molecules in growth solution even at step front. This study 
describes the first in situ examination of the additive effect of organic molecules and magnesium ions on local 
hydration structure of calcite surface in atomic scale utilizing FM-AFM. The hydration images were compared 
with the growth rate of calcite measured using phase shift interferometry so as to validate the influence of 
hydration of the growth rate of calcite. 
Previous studies of influences of inorganic and organic additives on calcite growth were reviewed in Chapter 1. 
We described the additive effect of magnesium ion and the synthetic polypeptide on hydration structure by the 
result of in situ observation of hydration structure in atomic scale at the interface between calcite surface and 
solution in Chapter 2. In Chapter 3, we showed the result of measurement of calcite growth rate by the phase shift 
interferometry. The additive effects on nucleation and adsorption of ion on calcite surface were discussed. In 
Chapter 4, the influence of hydration on growth rate of calcite was validated based on the results of visualization 
of hydration structure and measurement of growth rate. 
The findings are summarized as follows: 
(1) The synthetic polypeptide, even that with high hydrophilicity, does not affect hydration at the surface of calcite. 
(2) Combination of magnesium ions and the synthetic polypeptides provides a rigid hydration on calcite surface. 
(3) Magnesium ions and the synthetic polypeptides influence hydration and the surface pattern of calcite, 
respectively. 
 
(4) Structured water distribution eases the energy gap between the calcite surface and solution. As a result, the 
interfacial tension between the calcite surface and the solution is decreased. 
(5) Magnesium ions and the synthetic polypeptide act in unison to accelerate nucleation via changes in hydration 
structure. 
(6) Hydration contributes to interfacial energy between the calcite and the solution, but not for the adsorption of 
ions on the calcite steps. 
This study demonstrated that additives affect the interfacial tension via altering hydration structure by 
application of FM-AFM for crystal growth experiment for the first time. Our results also showed that there is 
hardly any change in the adsorption of ions on calcite surface due to the hydration structure. That suggests that 
dehydration is not a rate-determining process, an observation that is contrary to the currently prevailing theory. 
The further observation of hydration of step front will be carried out by FM-AFM to demonstrate the effect of 
hydration on adsorption of ions. Interfacial tension has been considered to govern the polymorphism. These 
findings indicate that the control of interfacial tension is possible utilizing the additive effect on hydration. That 
provides a new knowledge to regulate the polymorphism of calcium carbonate. 
 
 
論文審査の結果の要旨 
 
荒木優希提出の論文は，周波数変調方式原子間力顕微鏡を用いて、成長途中のカルサイト結晶表
面の水和構造の可視化を行い、マグネシウムイオンや有機分子の影響を示した。さらに、位相シフト
干渉計を用いてカルサイトの成長速度測定を行い、水和のイメージング結果と比較することで、成長
速度に対する水和の影響を示した。水和構造の原子レベルイメージングと成長速度の測定という異な
る手法を用いて、溶液成長における固液界面の現象を多面的に捉えた成果である。 
第一章では、バイオミネラルから工業製品まで幅広く用いられている炭酸カルシウム結晶につい
て、その機能を決定する結晶の形態や多形について述べ、炭酸カルシウムの安定相であるカルサイト
の成長に対する添加物と水和層について概観している。第二章では、周波数変調方式原子間力顕微鏡
を用いて、結晶表面の水和構造を原子レベルで可視化した結果について述べ、多形制御に使われる添
加物と水和構造の関係を示している。マグネシウムイオンと合成ポリペプチドの複合効果によって、
水和が強固になると結論付けた。第三章では、カルサイト結晶の成長速度を位相シフト干渉顕微鏡を
用いて測定することで、同様の添加物が成長速度に与える影響について議論している。その結果、マ
グネシウムイオンと合成ポリペプチドの複合効果により、水和構造の変化を介して核形成が促進され
ることを示した。第四章では、カルサイト表面の水和構造と結晶成長速度の関係に関して論じている。
水和構造の形成によって、固液界面の界面張力は緩和されるが、カルサイト表面への溶質の取り込み
に対しては影響を及ぼさないと結論付け、炭酸カルシウムの多形は添加物が水和構造に影響を与える
ことで界面張力が変化することで制御可能であることを示唆した。本論文の結果は、脱水和が溶液成
長の律速過程であるという従来の考えに反しており、結晶成長の分野に対して新しい議論を引き起こ
している。 
以上の研究は、荒木優希が自立して研究活動を行うに必要な高度の研究能力と学識を有することを
示している。したがって、荒木優希提出の博士論文は、博士（理学）の学位論文として合格と認める。 
 
 
 
 
 
 
 
 
 
 
 
 
